Mechanical properties of composites are strongly influenced by the quality of the fiber/matrix interface. The objective of this study was to evaluate the mechanical properties of polylactide (PLA) composites as a function of modification of sisal fiber with two different macromolecular coupling agents. Sisal fiber reinforced polylactide composites were prepared by injection molding, and the properties of composites were studied by static/dynamic mechanical analysis (DMA). The results from mechanical testing revealed that surface-treated sisal fiber reinforced composite offered superior mechanical properties compared to untreated fiber reinforced polylactide composite, which indicated that better adhesion between sisal fiber and PLA matrix was achieved. Scanning electron microscopy (SEM) investigations also showed that surface modifications improved the adhesion of the sisal fiber/polylactide matrix.
Introduction
With the increasing of environmental protection consciousness, natural fibers as a group of environmental friendly reinforcements are in considerable demand in composites [1, 2] . Natural fibers such as flax, hemp, sisal, nettle and jute were the most common reinforced elements [2, 3] . Of course, natural fiber reinforced degradable polymers composite is likely more ecofriendly because that the reinforcement and the matrix (e.g., polylactide (PLA)) are readily biodegradable and such biocomposites are sometimes termed "green composites" [4, 5] .
Natural fibers as reinforcement are familiar. However, there is also a major drawback associated with its application for reinforcement of polymeric matrices. The presence of hydroxyl and other polar groups in natural fibers constituents makes them exhibit high hydrophilic nature, which leads to incompatibility and poor wettability in a hydrophobic polymer matrix, and weak bonding in the fiber/matrix interface [6] . Herewith, there are many problems in dealing with the interface of natural fiber and polylactide.
Several approaches have been studied, such as surface modification of cellulose (e.g., esterification of cellulose and graft copolymerization onto cellulose substrates) and the use of some compatibilizers (e.g., maleated polylactide and isocyanate [7] [8] [9] [10] [11] ). Nevertheless, only a limited number of studies had achieved good results. And there is no commercial sale of such interfacial compatibilizers in the market.
Among the various natural fibers, sisal fiber is fairly coarse and inflexible. It possesses moderately high specific strength and stiffness, durability, ability to stretch, and resistance to deterioration in saltwater [12, 13] . Therefore, it can be used as a reinforcing material in polymeric resin matrices to make useful structural composite materials [14] [15] [16] .
In our recent work, we have synthesized two different macromolecular coupling agents: MPS-g-PLA (Polylactidegraft-γ-methacryloxypropyltrimethoxysilane) and PLA-co-PGMA (Polylactide-co-glycidyl methacrylate) [17, 18] . And the results of the former research suggested that they were efficient in modifying natural fiber surface and in improving the compatibility of PLA/cellulose composites. In this study, we attempt to use these two macromolecular coupling agents to improve the interfacial adhesion of PLA matrix and sisal fibers and solve the poor compatibility of natural fiber and PLA matrix. The effect of surface treatment of sisal fiber with MPS-g-PLA and PLA-co-PGMA on the mechanical properties was also evaluated.
Experimental

Materials.
Commercial PLA (2002D, extrusion/thermoforming grade) from NatureWorks LLC was used in this work. It has a density of 1.24 g/cm 3 , melt flow index of 5-7 g/10 min (210 • C/2.16 Kg). Before use, it was dried at 80
• C under vacuum for 24 h. Sisal fibers were supplied by Dongfang Sisal Group Co. Ltd., China. MPS-g-PLA and PLA-co-PGMA were prepared by us according to the literatures [17, 18] .
Fiber Surface Modification.
The MPS-g-PLA treatment of sisal fiber was carried out by immersing fibers in the dioxane solution of MPS-g-PLA at the concentration of 1 wt% for 48 h used acetic acid to adjust pH. Sisal fibers were taken out of the solution and dried for 2 days at room temperature, then sisal fibers reacted with MPS-g-PLA at 120
• C for 2 h. For PLA-co-PGMA treatment, sisal fibers were immersed in the dioxane solution of PLA-co-PGMA at the concentration of 1 wt% for 48 h. After dried at room temperature, the products were Soxhlet extracted with THF for 24 h and then dried.
Fabrication of Composites.
PLA and the treated sisal fibers were compounded with a twin screw extruder (selfmade, conical screw 110 mm in length), at 75 rpm and 190
• C for 10 min. In order to obtain the desired specimens for various measurements and analysis, the molten composite samples were transferred, after extrusion through a preheated cylinder, to a mini-injection molder, which was preset the desired temperature (injection temperature at 190
• C) and cooling system (mold temperature at 50
• C).
Mechanical Properties.
The tensile properties of the composites were measured on a CMT4204 universal testing machine (Shenzhen SANS testing machine co., ltd., China) according to ASTM D630. The cross-head speed was 1 mm/min, and the gauge length was 30 mm. The universal testing machine was also used to measure the flexural properties according to ASTM D790. The notched Izod impact strength was tested on an impact tester (Chengde, China), according to ASTM D256.
Dynamic Mechanical Analysis.
The storage modulus, loss modulus, and loss factor (tan delta) of the composites were measured as a function of temperature (from 30 to 90
• C) using a TA Q800 DMA, equipped with a dual-cantilever clamp at a frequency of 1 Hz and a heating constant rate of 3 • C/min.
Scanning Electron Microscopy (SEM).
Scanning electron microscopy (JSM-6360, FEI) was used to characterize the fractured surface of the composites. The samples were coated with a thin layer of gold before observation under the microscope mark, in order to increase the sample conductivity.
Results and Discussion
Fiber Orientation and Length Distribution.
The fiber orientation and length distribution of the composites with unmodified sisal fiber is presented in Figures 1 and 2 , respectively. The data were obtained from an analysis of a large number of micrographs. This composite shows a clear orientation with more than 30% of the fibers in the ±20
• interval. In addition, the visible length distribution was measured from the micrographs, as shown in Figure 2 . It was observed that most of the fibers had a length range of 600-800 μm, and the average fiber length was less than 1 mm, as a result of the shear stress imposed on fibers during compounding in the twin screw extruder.
Static Mechanical Properties
Tensile Properties.
Mechanical properties of composites were strongly determined by the fiber-matrix interface. The tensile strengths of sisal/PLA composites at maximum load were shown in Table 1 . Compared to the composites made with untreated fibers, the tensile strengths of composites were an improvement of 6.77% for PLA-co-PGMA treated fibers and 5.35% for MPS-g-PLA-treated sisal fibers. This was an indication that surface modification promoted good wettability and better fiber-matrix adhesion, allowing efficient stress transfer between the matrix and the fibers. This could be due to the better dispersion of fibers and the interaction of PLA and modified sisal fibers, and the reaction mechanism of the coupling agents and natural fiber has been explained in former paper [17, 18] . Table 1 also showed the properties of PLA plasticized with PEG and their composites with sisal fibers. The tensile strength of PEG-plasticized PLA reduced 50%, and the elongation at break was improved. In the treated fiber composites with PEG, the improvement of tensile strength was more obviously with respect to the samples without the plasticizer. This is likely because the increase of elongation at break optimizes the reinforcing effect of the fiber, and the interfacial adhesion play a key role in the transfer of the stress. Therefore, the results suggested that the surface treatment of sisal fibers significantly increased the interfacial adhesion.
Flexural Properties.
Flexural properties of PLA and its composites were shown in Figure 3 . According to the results, the introduction of sisal fibers significantly improved flexural modulus compared to the neat PLA matrix. The Note: the figure in brackets was compared with that of PLA/sisal 30%.
two surface-treated sisal fibers composites improved the flexural strength compared to unmodified fibers. The best results were observed when the reinforcement surface had been treated with PLA-PGMA. This was due to improving the bonding between the fiber and the matrix. However, the flexural modulus of the PLA composites with the treated fibers decreases, which was paradoxical that good interfacial adhesion should improve the flexural modulus of composites. It is probable that the treatments have a lasting effect on natural fibers, such as the removal of amorphous components of fibers, especially on fiber stiffness [19, 20] . All the treatments decreased the strength and modulus of sisal fibers and influenced the modulus of the composite. Flexural properties of PEG-plasticized PLA composites were shown in Figure 4 . It can be noticed that the surface modification of fiber caused marked changes in the flexural strength and modulus of the composites. This also indicates that surface treatment enhances the interfacial adhesion of fibers and matrix.
Impact Strength of Composites.
The notched Izod impact strength of the surface-treated sisal fiber reinforced composite results can supply information of the fiber-matrix interactions. Figure 5 showed the impact strength of the untreated and surface-treated sisal fibers reinforced composites. The impact strength of surface-treated composites was higher than those of the PLA matrix. Surface-treated composites decreased slightly compared to the untreated fiber composite. The negative impact of the treated composites is attributed to the fact that the surface treatment improves the fiber-matrix adhesion, which leads to the fracture of fibers rather than their pullout when they receive a mechanical shock.
The impact strength for PEG-plasticized PLA and their composites were shown in Figure 6 . The same tendency is seen there. That is, surface modification reduces the impact strength of composites, which is in agreement with the report made by Huda et al. [21] . Figure 7 showed the temperature dependence of dynamic storage modulus and tan delta of the PLA and its composites. As seen in Figure 7 fibers compared to that of PLA, which indicated that stress could be effectively transferred from the matrix to the fiber. The effect of surface treatment on the storage modulus of composites can be observed by comparing sisal/PLA with MPS-Sisal/PLA and PLGA-Sisal/PLA. Compared to unmodified fiber, the storage modulus of composites has a slight increase with PLA-co-PGMA treatment and a decline with MPS-g-PLA treatment. The chemical treatment of sisal fibers will bring about a positive effect as well as a negative one upon properties of fibers. Surface treatments of sisal fiber decreased its surface energy and the interfacial tension of fibers/PLA, which improved the dispersion of sisal fiber in PLA matrix and the compatibility of fiber and PLA [17, 18] . On the other hand, the strength and modulus of natural fiber reduced because of chemical treatment. When the two effects considered together, the modulus of PLA composites didn't get a significant rise, which was accorded with the result of flexural properties of the composites. International Journal of Polymer Science
Dynamic Mechanical Analysis.
As can be seen in Figure 7 (b), the addition of sisal fiber made the loss factor of PLA matrix diminish, which resulted from the impeding of sisal fibers on the movement of PLA molecular chain. The treatment with MPS-g-PLA enhanced the glass transition temperature of the composite. There was relatively little difference in their peak value of the loss factor of composites, which indicated that the composites possessed similar damping properties. The tan δ of composites with MPS-g-PLA treatment was high compared to unmodified fiber, which agreed with Sreekumar et al.'s research result, and they thought this was for the decrease of the compactness and rigidity of natural fiber after the treatment [22] . Other researchers suggested that the increase of loss factor attributed to well-interfacial adhesion, which limited the movement of polymer molecular chains and increased the molecular segmental friction [23] .
Morphology of Fractured
Surface. SEM micrographs of the fractured surface of the treated and untreated sisal fiber composites can be seen in Figure 8 . Figures 8(a) and 8(b) showed that no PLA matrix adhered to the fibers which were pulled out to a large extent. The fiber pullout in micrographs was an indication of weak fiber/matrix adhesion. In Figures  8(c), 8(d), 8 (e), and 8(f), it was noted that sisal fibers were tightly connected with PLA matrix, which suggested interfacial bonding between sisal fiber and PLA was improved by the treatment with coupling agent. This indicated the improvement in the adhesion between fiber surface, and matrix and this well adhesion also led to an increase in mechanical properties. Therefore, surface modification has improved the compatibility of sisal fiber/PLA.
Conclusions
This study demonstrated that surface modification of sisal fiber had slightly increased tensile strength of composites and decreased its impact strength, which suggested that surface treatment improved the compatibility of sisal fiber and PLA matrix and effective stress transferred between fibers and matrix. In the case of PEG-plasticized polylactide, surface modification of sisal fiber made efficiency of reinforcement more obvious. This further revealed the interfacial binding strength of PLA, and fiber with PLA-co-PGMA and MPSg-PLA was higher compared to unmodified fiber. From the DMA results, the storage modulus of composites has a slight increase with PLA-co-PGMA treatment and a decline with MPS-g-PLA treatment in contrast with that of unmodified fiber/PLA composites. SEM micrographs of the fracture surface of the impact specimen indicated that the adhesion between fiber and matrix could be improved after surface treatment of sisal fiber with coupling agents.
